Understanding the behavior of terrestrially derived dissolved organic carbon (DOC) through subterranean estuaries (STEs) is essential for determining the carbon budget in coastal waters.
Introduction
Sandy beaches are key ecosystems of the global land-sea continuum; they account for more than 70% of the world's ice-free coastline (Emery, 1968; McLachlan and Brown, 2006) . While sandy beaches have long been considered as biogeochemical deserts (Huettel et al., 1996) , several recent studies have highlighted their importance as biogeochemical reactors where carbon and nutrients are rapidly transformed (Anschutz et al., 2009; Beck et al., 2017; Chaillou et al., 2016 Chaillou et al., , 2014 Charbonnier et al., 2013; Couturier et al., 2017 Couturier et al., , 2016 Santos et al., 2009 Santos et al., , 2008 .
Their high permeability favors advective transport and the recirculation of seawater, which acts as an important carrier of dissolved carbon species from the coastal ocean into beach groundwater. Moore (1999) proposed the term "subterranean estuary" (STE) for the coastal aquifer zone to emphasize the importance of freshwater and seawater mixing as well as waterparticles interactions as water transits toward the sea. As is the case in surface estuaries, the concentration and nature of dissolved species change greatly across the mixing zone of STEs and exhibit both production and removal processes, which often depend on redox conditions. Such processes along the groundwater flow path must be considered when determining accurate chemical fluxes and their impact on the coastal ocean (Beck et al., 2007; Chaillou et al., 2016, A C C E P T E D M A N U S C R I P T groundwater though the mixing zone of STEs, with an apparent production of DOC. This was found in the Gulf of Mexico (USA; Santos et al., 2009) , in South Carolina (USA; Goñi and Gardner, 2004) and, more recently, in the Gulf of St. Lawrence (Canada; Chaillou et al., 2016; Couturier et al., 2016) . The origin and fate of this DOC pool is still not well described. Marinederived particles were identified as the main source of carbon in tidal sands (Anschutz et al., 2009; Kim et al., 2012; McLachlan and Brown, 2006) . However, Couturier et al. (2016) showed that DOC could also be of terrestrial origin after considering the optical properties of chromophoric dissolved organic matter (CDOM), which showed that lignin-and, more specifically, humic-like dissolved organic matter dominated in the discharge zone. The submarine discharge of terrestrial OC could be a key controlling factor of the optical properties of coastal waters and associated ecosystems .
Several methods have been used to determine the origin of OC in aquatic systems: optical indices of CDOM Kim et al., 2012) , lignin oxidation products (Shen et al., 2015) , OC fingerprints, and molecular composition by Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) (Linkhorst et al., 2017; Seidel et al., 2014) as well as the relative contribution of specific amino acids (Shen et al., 2015) . OC origin has also been explored by examination of the  13 C signature of DOC ( 13 C-DOC) in soils (Kaiser et al., 2001; Palmer et al., 2011) , stream waters (Bouillon et al., 2012; Palmer et al., 2011; Raymond and Bauer, 2001; Sanderman et al., 2009) , groundwater from mangrove tidal creeks (Maher et al., 2013) , fjords (Yamashita et al., 2015) , and estuaries (Barber et al., 2017b; Osburn and Stedmon, 2011) . Here, we present the first attempt to discriminate the origin of OC in beach groundwater using the  The difference in the  13 C signature of marine and terrestrial DOC arises from the initial signature of the carbon source used for its fixation and from the different pathways for carbon fixation during photosynthesis (Guy et al., 1993; Hayes, 1993) . Marine DOC is mainly derived from planktonic organisms that use marine dissolved inorganic carbon for carbon fixation during photosynthesis, which has a signature of about 0‰ (Earth System Research Laboratory Global
Monitoring Division of NOAA; https://www.esrl.noaa. gov/gmd/dv/iadv/), whereas the ultimate building block for terrestrial DOC is atmospheric CO 2 , which has a signature of -8‰ to -9‰
(Earth System Research Laboratory Global Monitoring Division of NOAA;
https://www.esrl.noaa.gov/gmd/dv/iadv/). The different photosynthetic fixation pathways used by C3 and C4 plants further induce a biochemical carbon fractionation of about -20‰ (C3) or -12‰ (C4). Combined, the differences in the sources of carbon and in the carbon fixation pathways lead to signatures between about -24‰ and -19‰ for marine primary producers (and marine DOC), between about -28‰ and -25‰ for C3 plant-derived terrestrial DOC, and between about -16‰ to -10‰ for C4 plant-derived DOC (Hedges et al., 1997; Peterson and Fry, 1987; Zeebe and WolfGladrow, 2001 ).
Iron plays a pivotal role in the chemistry of STEs. The redox oscillations induced by tides, waves, seasonal water table levels, and long-term sea level changes control the precipitation of ferric hydroxides at redox interfaces within the STE (Charette and Sholkovitz, 2002) . This Fe curtain acts as an oxidative barrier for redox-sensitive elements and elements with a high affinity for Fe-hydroxides, such as phosphate, barium, uranium, and nitrogen species (Charette et al., 2005; Sholkovitz, 2006, 2002; Couturier et al., 2017; Sanders et al., 2017) . Iron also
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A C C E P T E D M A N U S C R I P T interacts with OC and affects its mobility (Kaiser and Guggenberger, 2000) and its molecular properties (Poulin et al., 2014) . Predominantly short-term reversible interactions can occur through adsorption, flocculation, or coagulation between Fe-hydroxides and OC, while the direct coprecipitation of Fe and OC, involving covalent bonding between the two elements, can lead to the long-term trapping of carbon under certain redox conditions (Barber et al., 2017a) . The molecular composition of OC, and thus its origin, is an important control on the amount of OC trapped in the Fe curtain, along with redox conditions and Fe concentrations. For example, Riedel et al. (2013) showed that aromatic terrestrial OC in peatlands was preferentially trapped compared to aliphatic compounds. Such Fe-OC interactions have been highlighted in marine sediments (Barber et al., 2017a; Keil et al., 1994; Lalonde et al., 2012) , soils (Jones and Edwards, 1998; Guggenberger, 2003, 2000; Wagai and Mayer, 2007) , and more recently beach groundwater samples (Linkhorst et al., 2017) . In this latter study, the authors suggested that Fe induced the flocculation of OC in STEs (mostly large, oxidized, aromatic terrigenous molecules), acting as a potential inorganic regulator for the export of terrestrial OC to coastal waters. This "rusty carbon sink," as proposed by Lalonde et al. (2012) , might control not only the submarine groundwater discharge OC fluxes but also the molecular properties of the exported OC (Linkhorst et al., 2017; Seidel et al., 2015 Seidel et al., , 2014 . To our knowledge, there is currently no direct quantification of this carbon sink within STE systems.
In the present work, we focused on the origin and behavior of OC along the STE of a sandy beach located in the Îles-de-la-Madeleine (Gulf of St. Lawrence, QC, Canada), where fresh groundwater flows seaward below a narrow intruding saline circulation cell located near the top of intertidal sediments. We determined both the horizontal and vertical distribution and origin of DOC based on its concentration and stable carbon isotope signature ( 13 C-DOC) in beach
groundwater. In addition, we quantified the relative proportion of OC trapped by reactive Fehydroxides along a cross-shore transect and determined the isotopic signature of the Fe-stabilized OC.
Materials and Methods

Site Description
This study was conducted in the STE of Martinique Beach in the Îles-de-la-Madeleine (Québec, Canada) ( Fig. 1 ). This archipelago is located in the Maritimes Permo-carboniferous Shelf Basin (Brisebois, 1981) . The main aquifer of the archipelago is composed of sandstones from the Permian Inferior period (the Cap-aux-Meules formation; Brisebois, 1981) with a mean transmissivity of 1.5-4×10 3 m 2 /s and a mean recharge of 230 mm/y (i.e., 25-30% of the annual precipitation; Madelin'Eau, 2004) . Like other aquifers in this region, the groundwater recharge is mainly controlled by the snow-pack melt in May and early June that rapidly influences the water table levels. Groundwater flows through this unconfined aquifer and discharges into the ocean through the overlying permeable tidal deposits with a mean annual flow of 0.020 m 3 /s (Madelin' Eau, 2004) . The submarine groundwater discharge is higher in June, with a total flow of around 0.040 m 3 /s near the shoreline, more than 50% of which is composed of fresh and meteoric groundwater (Chaillou et al., 2017) .
In the Gulf of Saint Lawrence, the Îles-de-la-Madeleine currently experience rates of relative sea-level rise that are higher than the global average, ranging between 1.3 and 2.0 mm for the past 2000 years (Barnett et al., 2017) . This rapid rise buried the unconfined Permian sandstone aquifer, which is now covered by tidal sediment (Barnett et al., 2017) . Tidal sediment consists of a ~50 cm thick layer of eolian sand with an average grain size of ~300 µm that is mainly
composed of quartz (95%) mixed with silt (<5%; Chaillou et al., 2014) and has a mean hydraulic conductivity of 11.4×10 3 cm/d. The underlying Permian sandstone aquifer consists of fine redorange sands (~100 µm) composed of silicate and aluminosilicate with Fe oxides coating silicate grains (Chaillou et al., 2014) ; the mean hydraulic conductivity is 4.8 × 10 3 cm/d. Its exact localization in the beach and its offshore extent are unknown. At the top of the sandstone aquifer, there is a fragmented organic-rich layer, mainly composed of terrestrial plant detritus formed ~800 to 700 years B.P., as revealed by 14 C dating of lignose fragments and conifer needles (Barnett et al., 2017) . The site experiences little wave action except during storm events, preventing the complete erosion of this layer. Tides are semi-diurnal with a spring tide range
A few recent studies have focused on the biogeochemistry of the STE (Couturier et al., 2017 ) and the calculation of groundwater flows (Chaillou et al. 2018 at the Martinique Beach site. The shallow superficial unconfined beach aquifer releases both fresh groundwater and recirculated seawater to the coastal embayment. Within the beach, fresh groundwater flows towards the seaward discharge region at a mean velocity of 0.30 m/d and discharges below a narrow upper saline plume (USP) located near the top of the intertidal sediments. This fresh groundwater contributes at least 50% of the total water flow discharging to the coastal waters.
Based on mean DOC concentrations in the surficial intertidal sediment, Chaillou et al. (2016) calculated a fresh-groundwater carbon load of 27 kg/d of DOC at the discharge zone. They concluded that fresh groundwater was not the source of carbon in the STE, but it was a pathway for DOC produced in the beach to reach the coastal ocean. Based on optical indices of CDOM, Couturier et al. (2016) recently showed that the degradation of the old buried soil is a probable source of the OC pool in beach groundwater. This degradation during the transit modified the 
Beach groundwater sampling
Samples were collected during the neap tide period in May and June of both 2013 and 2015. Water samples were collected using nine multi-level samplers inserted along a ~20 m transect perpendicular to the shoreline ( Fig. 2A) . The positions of the multi-level samplers covered the intertidal zone and the underlying STE, where fresh groundwater comes in contact with recirculated seawater. In 2013, multi-level samplers M2, M4, M5, M6, M7, and M8 were used to collect beach groundwater. In 2015, groundwater samples were collected twice following a storm that left seaweed on the beach, using multi-level samplers M1, M3, M6, and M9. The samples were collected one and three days after the massive deposition of seaweed fragments (Fig. 2D ), which were mainly composed of Zostera marina.
Each multi-level sampler allowed the collection of beach groundwater at eight depths (~10, 30, 50, 80, 110, 150, 190, and 230 cm) below the beach surface. To allow sediments around the samplers to reach equilibrium, multi-level samplers were installed for a minimum of two days prior to beach groundwater collection. During collection, groundwater was continuously pumped to the surface using a peristaltic pump and Tygon tube. Salinity, temperature, and dissolved oxygen were measured in an in-line flow cell with a calibrated YSI-600QS multiparametric probe. After stabilization of these parameters, beach groundwater samples were collected with a clean polypropylene syringe and filtered through combusted 0.7 µm glass fiber filters. Samples were acidified to pH<2 with pure HCl in EPA borosilicate vials with PTFE lined caps for subsequent DOC and  13 C-DOC analyses. For total dissolved Fe, beach groundwater samples Bay using a small boat from which seawater was collected using a submersible pump connected to an on-line flow cell. Physico-chemical parameters were measured and samples for DOC, total dissolved Fe, and  13 C-DOC were collected and stored as described above.
Beach sediment sampling
Three sediment cores were collected in 2013 using standard vibracoring techniques with a clean plastic 1 m liner inserted into an aluminum pipe. The cores were recovered at the top of the beach (C1; Fig. 2B ) and at the high-and low-tide marks (C3 and C4; 
Chemical Analyses
Dissolved Compounds
Total dissolved Fe concentrations were analyzed in acidified and filtered samples using a Microwave Plasma Atomic Emission Spectrophotometer (4200 MP-AES; Agilent Technologies).
The detection limit of the method is 2.4 µg/L for Fe concentration at a wavelength of 391 nm;
analytical uncertainties were <5%. OC, -26.1 ± 0.1‰) and sucrose (42.1% OC, -11.8±0.1‰) dissolved in 18.2 mΩ/cm milli-Q water (Barber et al., 2017b) . The precision of the method for fresh and salt waters is ±0.5‰ for DOC
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Particulate fraction
The citrate-dithionite-bicarbonate Fe reduction method of Mehra and Jackson (1960) modified by Lalonde et al. (2012) was applied to the dried and homogenized sediments. This method allows quantification of the fraction of total POC that is specifically associated with reactive Fe-hydroxides as well as its  13 C signature. Briefly, reactive Fe-hydroxides are reductively dissolved with dithionite at circumneutral pH (bicarbonate buffer) using citrate as a complexing agent to keep dissolved Fe in solution. The fraction of OC associated with reactive
Fe-hydroxides was measured by the difference before and after the reduction reaction. The OC concentration and carbon stable isotope signature were analyzed with an elemental analyzer (Eurovector EuroEA3000) coupled to a GV Instrument Isoprime isotope ratio mass spectrometer following the removal of inorganic carbon by vapor-phase acidification (Hedges and Stern, 1984) . The reactive Fe-hydroxide content in the extract following the reduction step was analyzed by inductively coupled plasma mass spectrometry (Agilent 7500ce). The sedimentary units in each core were analyzed in triplicate in 2013 and 2015. The analytical precision was better than ±0.2% for organic carbon concentrations and ±0.2‰ for the stable carbon isotope signatures.
Results
Characteristics of the potential dissolved organic carbon sources
The characteristics of the different potential sources of DOC are presented in Table 1 . The fresh inland groundwater samples exhibited DOC concentrations and  C signature of -22.2 ± 4.3‰, which is typical of marine signatures (Peterson and Fry, 1987) and in the range of values recently reported for water samples collected in the Gulf of St. Lawrence (Barber et al., 2017b) . Our seawater values are, however, slightly depleted compared to the most enriched values of -20.3 ± 0.7‰ that Barber and co-authors (2017) proposed as an "appropriate" marine end-member for the St. Lawrence Estuary and Gulf region. 
Biogeochemical features of the STE
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The vertical and horizontal distribution of salinity along the transect agreed well with the concept of a subterranean estuary proposed by Moore (1999) .
Dissolved Fe exhibited strong vertical gradients, with lower concentrations at the surface to concentrations higher than 1000 µM in brackish groundwater. In 2013, Fe concentrations in beach groundwater were very high, with a mean value around 600 µM. Dissolved Fe increased just below the upper seawater recirculation cell and reached values higher than 500 µM in the mixing zone (Fig. 3D ). In the deep groundwater, concentrations remained high (range: 500 to 1500 µM) and reached values as high as 2300 µM in M4. In 2015, the patterns of Fe concentrations were different ( Fig. 3E-F) . Since the upper recirculation cell was deeper, the dissolved Fe-rich zone was located just below the surface at the low-tide mark (from M6 to M9; Fig. 3E-F) . The concentrations were also lower, with mean values around 400 µM and maxima below 1800 µM.
In beach groundwater, DOC concentrations ranged from 0.14 to 15.28 mM, well above the concentrations measured in the water end-members (Table 1 ). The distribution patterns were all characterized by low concentrations (<2 mM) in the intertidal zone, from M5 to M7. The DOC-enriched zone was located at the high-tide mark near M3 and M4. However, mean concentrations were significantly different in the three sampling periods. In 2013, DOC concentrations ranged between 0.14 and 15.28 mM with a mean value of 2.10±2.63 mM. The highest concentrations (>10 mM) were measured at about 80 cm depth below the surface in M4 (Fig. 3D) . In 2015-A, the DOC concentrations ranged from 1.18±0.04 mM to 12.41±0.22 mM with a slightly higher mean value of 3.30±2.17 mM. The highest concentration occurred at the interface between seawater and sediment between M3 and M6 (Fig. 3H) . Two days later, the mean DOC concentration decreased to 2.72±3.18 mM (from 0.63±0.05 mM to 13.62±0.12 mM).
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The DOC concentration was higher than 12 mM at the top of the intertidal zone, near the surface of M3 (Fig. 3I ).
The  
Source, Distribution, and Signature of POC along the transect
The four other investigated sources of OC correspond to solid phase terrestrial and marine organic matter. The Holocene sand and Permian sandstone matrix were poor in OC, with concentrations below 0.5% in dry sediment (Fig 4) . In both cases, the  13 C-POC signatures were depleted and ranged between -25.20±1.60‰ (n=17) and -26.50±0.10‰ (n=15) in the sands and sandstone, respectively. Two organic-rich source materials were also present in the system,
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A C C E P T E D M A N U S C R I P T namely, the old soil buried below the Holocene sand and the fresh seaweed deposit at the top of the Holocene sand in the intertidal zone. The particulate organic carbon (POC) content in the old buried soil was high at the top of the beach, with POC content >19.6% (Fig. 4) . This content tended to decrease towards the shoreline, where this horizon was eroded away or degraded. This layer was detected only in core C2 in 2015, although it was more diluted with minerals at this site than in 2013 (OC content of about 5%). In all cases, this POC exhibited a 
13
C signature typical of terrestrial soil (i.e., -26.70±0.50‰; n=9). The marine seaweeds collected on the beach were enriched in POC (30.30±0.80%). However, this sporadic deposit was characterized by a enriched
C-POC signature (i.e., -12.00±0.20‰; n=3) typical of Zostera marina (Chmura and Aharon, 1995) .
Distribution and Signature of the Organic Carbon Trapped by Fe-oxides along the STE
The relative amounts of OC associated with reactive Fe-hydroxides in the different sedimentary units are reported in Figure 5 . The percentage of total OC associated with reactive Fe-hydroxides was low in the 2013 samples, with values below 13.9% in the three units. In the seaward core (C4), where the total OC concentrations were very low (<1 wt%), the proportion of OC associated with reactive Fe-oxides was below the method's detection limit. Higher percentages of total OC associated with Fe were measured in sediment samples collected in 2015, particularly for core C2, where Fe-stabilized OC accounted for about 24% in the surficial sand unit and increased with depth to reach a maximum value of 56% in the Permian sandstone (Fig.   5 ). The  13 C-POC signature of the OC associated with reactive Fe was very depleted and ranged between -24.30 and -33.60‰.
Discussion
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Biogeochemical process along the STE
The STE of Martinique Beach is a highly dynamic system characterized by transient biogeochemical conditions where dissolved oxygen saturation, DOC, and Fe concentrations vary greatly within centimeter-scales. As in surficial estuaries, different processes, such as mineralization, flocculation, adsorption, and coprecipitation, can affect the fate of DOC and Fe in beach groundwater. The absence of light and continuous water-sediment interactions provide an ideal environment for the transformation and sorption of OC onto mineral particles in the absence of photochemical oxidation processes (Kaiser et al., 2004) . In addition, the mineralization of OC leads to a decrease in DOC concentrations and the production of DIC and reduced metabolites such as dissolved ferrous iron (Bauer et al., 2013; Dorsett et al., 2011; Nevin and Lovley, 2002; Roy et al., 2013) . As in surficial estuaries, the salinity gradient also induces the flocculation of OC and the formation of Fe colloids (Boyle et al., 1977; Charette and Sholkovitz, 2002; Haese, 2006 ).
In the sandy beach STE, DOC clearly showed a non-conservative pattern, with significant internal inputs during the transit of groundwater along the intertidal zone ( Fig. 3G-I ). This is similar to what has already been observed at the same site Couturier et al., 2016) The spatial distributions of dissolved Fe also showed a non-conservative pattern and a significant difference between the high Fe concentrations in the deep part of the STE, where fresh groundwater flowed in 2013 (Fig. 3D) , and the low-tide mark of the upper saline plume (USP) in 2015, where seawater recirculated (Fig. 3F) . The accumulation and degradation of the fresh seaweed deposit likely increased OC mineralization rates and, therefore, enhanced the consumption of oxidants and the production of reduced chemicals near the beach surface. This finding agrees well with the high NH 4 + concentrations observed by Couturier et al. (2017) in the USP. The redox oscillation within the mixing zone along the USP creates favorable conditions for Fe-OC flocculation and oxidative precipitation mechanisms because oxidation of ferrous Fe from anoxic groundwater is efficient near the groundwater-seawater interface, where dissolved oxygen levels and salinity increase due to tidal inputs (Charette and Sholkovitz, 2002; Edzwald et al., 1974; Sholkovitz, 1976) . The low mean concentrations of dissolved Fe in beach groundwater in 2015 suggest a general loss of dissolved Fe to the solid phase compared to 2013. The oxidation and precipitation of reactive Fe-hydroxides were probably more efficient during this sampling period. Because the Fe-hydroxide content of the solid phase is very high in both the Holocene sand and the underlying Permian sandstone aquifer, the direct measurement of newly formed amorphous Fe-hydroxides was not possible using this extraction method. In addition to reactive Fe-hydroxide precipitation, Riedel et al. (2013) reported that the oxic-anoxic transition enhances the mechanism of Fe-OC flocculation, particularly with terrestrial OC, controlling the export of both Fe and lignin-type compounds to the overlying water column.
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Source of the DOC in the study beach based on 
C-DOC signatures
Based on the stable isotopes of water along the STE, Chaillou et al. (2018) confirmed the contribution of only two water end-members (i.e., fresh inland groundwater mainly originated from snow melt and seawater) and the absence of additional septic tank seepages, which could act as a source of OC into beach groundwater. The surficial runoff cannot be totally excluded.
However, the absence of important rain events during the days prior to the sampling period and the high level of the water table limit the infiltration of surficial drainage enriched in terrestrial OC within the system. Chaillou et al. (2018) below the USP, we cannot exclude the possibility that some DOC derived from marine primary production was present in the system. However, it was clearly not the main source of DOC. This suggests that the beach groundwater DOC pool was disconnected from the water end-members.
With a maximum groundwater flow rate of ~0.30 m/d within the beach aquifer (Chaillou et al., ACCEPTED MANUSCRIPT
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A N U S C R I P T 2016), the groundwater transit time through the STE (~20 m) is about 66 days, which is long enough to allow DOC production from the degradation of POC from both marine and terrestrial origins. In addition, other processes can influence the measured  13 C-DOC signatures, such as the degradation of DOC and the biochemical fractionation of the dissolved organic compounds based on their size and affinity for the mineral phase. As an example, DOC production rates from seaweed degradation are highest in the first 1-2 days and decrease afterward (Wada et al., 2007, and reference therein).
In the 2013 samples, the beach groundwater  13 C-DOC signatures ranged from -31.2±0.1‰ to -22.7±0.1‰ (Fig. 3J-L, Fig. 6 ) and were typical of terrestrial plants that use the Rubisco enzyme in C fixation during photosynthesis (C 3 plants). These signatures were strongly depleted compared to the values measured in the fresh inland groundwater samples with the exception of the nearshore well (PC), where the  13 C-DOC signature was -26.0±1.1‰ (Table   1 ). The variations in 
13
C-DOC signatures along the flow path from the aquifer to the beach groundwater reflect the land cover and soil, which are the main sources of DOC to fresh groundwater (Shen et al., 2015 , and references therein). The unsaturated zone acts as a chromatographic column, where surface and plant-derived DOC are removed by microbial degradation and sorption onto minerals prior to reaching the saturated zone (Shen et al., 2015) .
The proximity of the PC well to the studied transect and the thickness and lithology of the unsaturated zone probably prevent the extensive removal of surficial and plant-derived DOC. In PC well, significantly higher SUVA 254 values (i.e., DOC-normalized absorbance at 254 nm; Weishaar et al., 2003) were measured compared to values measured in municipal wells, corroborating the relatively high concentrations of plant-derived CDOM in beach groundwater Xie et al., this special edition) . The  13 C-DOC signatures were close to
C values of POC from the old buried soil and sediments, which exhibited signature s typical of terrestrial C3 plants (Aravena et al., 2004; Aravena and Wassenaar, 1993; Palmer et al., 2011) .
This result suggests that the degradation of this terrestrial POC supported the production of DOC, in agreement with the findings of Couturier et al. (2016) . This process probably supported both the production of DIC with a depleted isotopic signature (e.g., about -30‰; Chaillou et al., 2016) and the release of DOC, probably as aromatic lignin-type compounds, in agreement with the findings of Filip and Smed-Hildmann (1992) , who showed that fossil plant materials could release humic acids to groundwater.
The DOC concentrations and  13 C-DOC signatures measured in the 2015 beach groundwater samples were significantly different from those measured in 2013. During the first sampling campaign in 2015 (2015-A), which was only one day following the massive deposition of seaweed on the beach, we measured  13 C-DOC signatures ranging between -23.7±0.1 and -12.4±0.1‰ (Fig. 3K ), which were less depleted compared to 2013 (Fig. 3J) . As in 2013, the degradation of a specific POC source material might control the isotopic signatures of DOC in the beach groundwater samples. The massive seaweed deposit represented a source of organic material with an OC content of 30.3±0.8% (wt) and a stable isotope signature of -12.0±0.2‰, similar to some of the  13 C-DOC signatures measured in 2015-A. Seaweed deposits, which accumulate sporadically along the shore during storm events, may fuel the in situ release of DOC with a C4 plant signature. This release of DOC determines the stable isotopic signature of DOC near the surface of the beach for as long as the seaweed deposit is present at the surface. Only three days after the deposit event, however, the isotopic imprint of seaweed was diluted and  13 C-DOC signatures reached more depleted values (Fig. 6) . The DOC originating from seaweed degradation is likely rapidly flushed through the discharge zone by both the tidal pump and the
ACCEPTED MANUSCRIPT
A C C E P T E D M A N U S C R I P T hydraulic head gradient. Based on the specific groundwater discharge measured in this site, we calculated that around 8000 m 3 of beach groundwater were exported from the intertidal zone in only three days. The seaweed-derived DOC was probably transported by submarine groundwater discharge to coastal water, and the isotopic signature was probably diluted by more depleted  13 C signatures derived from the buried soil and aquifer matrix.
The  13 C-DOC signal in beach groundwater seems to rapidly respond to OC inputs. We observed a terrestrial imprint from the aquifer matrix resulting from the POC degradation from the old buried soil and sediment. However, the system can be sporadically affected by massive inputs of marine OC, which masks the terrestrial imprint. This transient marine imprint seems to be rapidly evacuated from the STE. The stable isotope signature of the DOC pool is likely an efficient tracer of these rapid changes in source material in the sandy beach STE.
Fe-OC interactions along the STE
Mineralogy, and more specifically mineral surface chemistry and area, largely controls the stabilization of OM in soils (Kaiser and Guggenberger, 2003) and sediment (Hedges and Keil, 1995) . In a broad range of cohesive marine sediments, for example, Lalonde et al. (2012) showed that on average 21.5±8.6% of total OC was closely associated with, or trapped by, reactive Fehydroxides through adsorption onto and/or coprecipitation with reactive Fe-hydroxide. In the non-cohesive sediments of the STE, the average grain size decreases with depth, from ~300 µm in surficial Holocene sand to ~100 µm in Permian sandstone. Surprisingly, this decreasing trend is not paralleled by an increase in reactive Fe-hydroxide concentrations, which vary between about 1 and 6% of the total sediment dry weight, with slightly higher concentrations in 2015-A and 2015-B compared to 2013 (Table S1 ). The amounts of OC associated with Fe (percent of
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A C C E P T E D M A N U S C R I P T total OC) shown in Figure 5 are thus not controlled by the amount of available reactive Fehydroxides; this is as also suggested by the very low OC:Fe molar ratios (<2.07; Table S1) calculated for both years. While the total OC concentrations in the organic-poor layers (Holocene sand and Permian sandstone) were low in both years, a higher fraction of this OC was stabilized through its association with reactive Fe-hydroxides in 2015 (5.8 to 56.3% of total OC) compared to 2013 (non-detectable to 13.9% of total OC), with a maximum in the high-tide mark core C2 (Fig. 5) . We know that the difference was not directly due to the generally higher, seaweedderived DOC concentrations measured in 2015 close to the beach surface ( Fig. 3G-I ) because the The increase with depth in the relative proportion of total OC associated with reactive Fehydroxides measured in both years ( Fig. 5 ) could be due in part to the downward increase in A C C E P T E D M A N U S C R I P T particle surface area, although the mineral grains in the three sedimentary units all belonged to the sandstone category (i.e., large particle size, low mineral surface reactivity). Other factors such as the local redox conditions, the bacterial degradation of non-Fe-stabilized OC, the molecular composition of the Fe-stabilized OC, and others remaining to be identified, could have played a role. We should emphasize that the challenge associated with the sampling of pore water corresponding exactly to the analyzed solid phase samples in non-cohesive sediments such as a sandy beach, the fact that the cores were not all sampled during the same year, and the highly dynamic nature of STE make the interpretation of the data extremely difficult. More work is needed to fully understand the mechanism(s) and types of chemical bonds that lead to the trapping of terrestrial OC through adsorption onto and/or coprecipitation within reactive Feoxides in this system.
The interactions between Fe and DOC are modulated by local redox conditions and by the molecular composition and concentrations of OC (Riedel et al., 2013; Sholkovitz, 1976) . The . The exact mechanism controlling these Fe-OC interactions (i.e., adsorption or coprecipitation of OC on a mineral surface; Barber et al., 2017a) remains to be determined, and further laboratory experiments are required to explore the role of the Fe curtain as a permanent or transient terrestrial carbon sink at the groundwater-seawater interface. As recently suggested by Shields et al. (2016) , this trapped iron-associated OC can also form the basement to support the accumulation of even more OC as the beach system evolves. In agreement with the idea of Linkhorst et al. (2017) , however, we propose that STEs act as transient sinks for terrestrial OC at the land-sea interface and contribute to the regulation of marine vs. terrestrial carbon exports to coastal waters. This inorganic regulator may contribute to the "missing" terrestrial OC in the ocean (Bianchi, 2011; Hedges et al., 1997) .
Conclusion
The analysis of  13 C signatures of DOC allowed the discrimination of its sources in the studied STE. The OC sources appeared partly decoupled from the water masses of STE. The first source is terrestrial and originates in large part from an old buried soil present in the aquifer matrix that releases 13 C-depleted DOC as it is degraded. This DOC constitutes the baseline signal in the beach aquifer. The other major source of DOC detected in this system is rapidly degrading seaweed that sporadically accumulates on the beach surface in response to storm events. The intensity of this transient signal can be so high that it can mask the baseline  13 C-DOC signal, as was the case in this study in 2015. These results further confirm that a high-frequency sampling approach should be adopted to adequately decipher the cycling of OC in systems as dynamic as this one since individual sampling efforts are only a snapshot of the OC pools and fluxes. 
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